T he aim of the meeting, held on 9 and 10 March 2006, was to take a fresh look at the scaling of Earth structure and dynamics, and its implications for practical problems such as natural-hazard prediction, subsurface engineering and climate change. The idea was:
• to examine new data critically for evidence of scale-free or scale-dependent behaviour;
• to suggest physical or numerical models that can explain the emergence of characteristic or scale-free geometries or time series;
• to address the issues raised in scaling up observations for applications such as fluid flow or geophysical observation; and • to discuss the implications for predictability in Earth structure and dynamics.
Invited speakers were Rachel Abercrombie (Boston University), Timothy Lenton (University of East Anglia), Patience Cowie (University of Edinburgh), Brian Berkowitz (Weizmann Institute of Science, Israel), Michael Worthington (Imperial College), Massimo Cocco (National Institute for Geophysics and Volcanology, Rome) and Donald Turcotte (University of California at Davis). The meeting incorporated this year's Bullerwell Lecture, "Understanding the Earth's magnetic field through observation and theory", by Andrew Jackson (ETH, Zurich).
Over the two days, there were four oral sessions and one poster session. Discussion was made a priority by the organizers: each talk had ample time for audience questions and discussion, and each oral session included 30 minutes for discussion between the panel of speakers and the audience, which continued in the lunch and coffee breaks and at the wine reception.
Begin at the beginning
This opening session concentrated on "primary observations" in the Earth sciences in the broad sense, together with their scale-free or scaledependent behaviour. Specific topics included earthquakes, wildfires, outcrops, sea ice, turbulence, fracture and folding. The session began with an extensive overview of scaling aspects of earthquakes, in space and time, and proceeded to the lack of scale dependence found for wildfires with ecological and risk implications. After this, there was a presentation on 3-D methods for gathering extensive data at the outcrop level, and corollary of scaling issues for folds and fractures. The final presentation related fracturing observations and associated turbulence in the Arctic sea ice cover. The discussion on primary observation scaling issues was lively, including these common themes:
• whether primary data are best-fit by powerlaws (in time or space) or something else, and how does one tell?
• using incremental vs cumulative distributions;
• how do power-laws (in time or space) terminate in nature?
• is the self-similar scaling that is observed in natural phenomena of any practical use?
Modelling: all or nothing?
Here speakers addressed a range of topics concerning the modelling and in particular the predictability of complex geophysical systems. These included: modelling of "tipping points" in the climate system, multifractal predictability, properties of snow avalanches (specifically the influence of topography and inertia); earthquake scaling as a result of critical point dynamics; and the characteristics of non-steady-state dynamics in river systems draining over active normal faults. Common themes emerged, for example the influence of pre-existing structure on emergent dynamics of a higher-level system; the large uncertainties often involved in making specific forecasts in nonlinear systems; the creative tension between "kitchen sink" and simplified models, and the importance of phase, i.e. where a fractal scaling distribution can "hide" a clear characteristic event in space or time.
Space problems
Observations of spatial scaling have been made in Earth systems for several decades. Despite this, the consequences of the scaling are often overlooked when addressing practical problems. Four speakers in this session demonstrated how spatial scaling can have a first-order effect. NonFickian transport of contaminants has been observed at field and laboratory scale, in varied porous and fractured geological formations. A key observation is that temporal aspects of tracer transport are controlled by spatial heterogeneity. Furthermore, it is not feasible to scale up these observations; measurements must be made at the scale of interest. In contrast we saw that the scale-dependent complexity of karstic aquifers renders their management particularly challenging and calls for a hybrid deterministic-stochastic modelling approach. In two wells along the San Andreas fault, variability in in situ stress directions exhibit self-similar scaling. By comparing the scaling exponent to measures from borehole wireline logs and the number of slip events in the surrounding rock, the exponent points to faults and fractures, rather than lithological heterogeneity, as the origin of this variability. The final contribution also showed that fracture stiffness itself is scale-dependent. Laboratory and field observations, supported by numerical modelling, indicate that small fractures are stiffer than large ones. Estimated stiffness values suggest that large faults in homogeneous crystalline rock might be difficult to image in seismology. These stimulating contributions triggered lively discussions and presented an excellent opportunity to compare conceptual pictures and modelling approaches across different fields within geophysics.
Time
Temporal scaling is central to many arguments about, for example, the relevance of periodic models for earthquake recurrence that predict well-defined repeat times. This session produced an intense, thoroughly entertaining and useful debate that linked well with the other sessions in the meeting. The first talk addressed the importance of scale-dependence in the dynamics of earthquake rupture and argued that critical slip weakening distance and fracture energy cannot be considered as scale-independent constitutive parameters: they are scale-dependent. The next contribution addressed the universality of scalefree waiting times in many natural phenomena by comparing the statistics of waiting times for earthquake and rainfall: over many orders of magnitude neither showed a characteristic time. Thus, it was argued, the power-law frequency size distribution for rainfall was analogous to the Gutenberg-Richter relationship for earthquakes and that the scale-free drought-flood statistics were equivalent to Omori's law -important and provocative conclusions. Entirely temporally scale-free behaviour militates against the use of recurrence intervals, which are commonly employed in, for example, time-dependent earthquake hazard estimation. The third talk looked at memory effects in earthquake time series and concluded that the waiting times between earthquakes was strongly influenced by memory of previous waiting times, a view that, in some ways, provided an intermediate analysis between totally scale-free and periodic behaviour.
The last, invited, talk presented a counter case to much of the foregoing and argued that large earthquakes and floods in rivers both displayed Weibull recurrence statistics, a distribution that, of course, has a well-defined scale.
The discussion between opposing viewpoints was lively and involved spirited input from all the speakers and many on the floor. The debate, which of course remains to be decided in the future, terminated in a temporary rapprochement by invoking spatial scale to explain the conflicting observations. The important distinction between those systems that showed temporally scale-free inter-event times and characteristic recurrence was, it seems, the scale of observation -length scales in the system may impose time-scales on the dynamics. 
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